Nano-hydroxyapatite (nano-HAP) is supposed to be a promising candidate for apatite substitute in hard tissue engineering. We aimed to investigate the effect of nano-HAP particles on the proliferation of odontoblast-like MDPC-23 cells compared with conventional hydroxyapatite (c-HAP). HAP in diameter of ~20 nm (np20), ~70 nm (np70) and ~200 nm (c-HAP) were synthesized and characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy (TEM) and field emission scanning electron microscopy (FESEM). Inverted microscope and MTT assay were used to detect the morphology and proliferation rate of MDPC-23 cells; TEM was used to reveal the internalization of HAP. We found that nano-HAP (np20 and np70), especially np20 expressed obvious growth-promoting effect on MDPC-23 cells compared with c-HAP, which caused the most vacuole in MDPC-23 cells. These results suggest that nano-HAP may be an optimal choice of apatite substitute for MDPC-23 cells on the aspect of cell proliferation.
INTRODUCTION
Caries, also known as dental decay or cavities, is a breakdown of teeth due to acids made by bacteria 1) . In 2016, approximately 2.44 billion people have dental caries in their permanent teeth worldwidely, which ranked the first of the ten causes with the greatest prevalence for the global burden of disease 2) . Once the caries is removed, restorative materials are needed to repair the defect of the teeth. By far, composite resin bonding technique has become the main treatment for dental decay. However, the limited durability of resindentin bonds severely compromises the lifetime of adhesive-related restorations 3) . Regenerated dentin is considered to be the ideal material for dentin restoration. Hence, dentin regeneration has been a hot research area recently, in which biomimetic mineralization and remineralization are the main strategies 4, 5) . Hydroxyapatite (HAP) is a naturally occurring mineral form of calcium apatite with the formula Ca 10(PO4)6(OH)2, which composed up to 70% by weight of human bone and tooth 6) . It has been widely used as a filler to replace amputated bone or as a coating to promote bone ingrowth into prosthetic implants in many surgical fields such as the reconstructive surgeries [7] [8] [9] and dental implantology 10) . It is also being used to repair early lesions in tooth enamel 11) . In spite of attractive biological properties, hydroxylapatite has some drawbacks, such as low bioresorption rate in vivo, poor stimulating effect on the growth of new bone tissues, low crack resistance and small fatigue durability in the physiological environment. The nanocrystallization of hydroxylapatite opens up the opportunities for advanced applications in fields of biomedical materials and have aroused intensive interest in the last decade 12) . Nano-hydroxyapatite (nano-HAP), which shares the same inorganic building blocks of tooth and bone may be a promising candidate for an apatite substitute in hard tissue engineering. The previous studies have demonstrated that 25-50 nm apatite particles play an important role in bio-mineral formation 13) . It is suggested that tens of hundreds of nano-sized apatite particles packed densely into woven collagen in terms of remarkable physical and chemical features, such as unique mechanical strength, improved biocompatibility, and good bioactivity [14] [15] [16] [17] . Therefore, great efforts have been made to study their synthesis and intricate properties [18] [19] [20] [21] [22] . The study of Cai et al. showed that the nano-HAP, especially for 20 nm sized particles, showed improved cytophilicity for the bone marrow mesenchymal stem cells (MSCs) as compared with conventional HAP 23) . Yang et al. 24) found that the incorporation of nano-HAP in nanofibers indeed enhanced dental pulp stem cells (DPSCs) differentiation towards an odontoblast-like phenotype in vitro and in vivo. However, the effect of the size of nano-HAP on odontoblast-like cells, especially In this study, HAP with diameters of ~20, ~70 and ~200 nm were synthesized and characterized, and the effect of these HAP particles on the proliferation of odontoblast-like cell line (MDPC-23 cells) were evaluated in vitro.
MATERIALS AND METHODS

Preparation and characterization of HAP
The chemicals were analysis-grade and purchased from Sinopharm Chemical Reagent (Shanghai, China). The size-controlled nano-HAP particles were prepared as previous described 23) . Hexadecyl(cetyl) trimethyl ammonium bromide (CTAB) was used to regulate the size of nano-HAP particles according to the theory of critical micelle concentration (CMC) 25) . Briefly, the sizecontrolled nano-HAP particles were synthesized by dropping 5.0 mM CaCl 2 (60 mL) to 1.25 mM Na2HPO4 solutions (240 mL) in the presence of CTAB (6.0×10 −4 or 12.0×10 −4 M) in magnetically stirred vessels at 20°C. The pH of the solutions was maintained at 10.0±0.5 by the addition of 0.1 M ammonia. The suspension was then stirred at 20°C for another 24 h to allow the completion of particle formation. The precipitate was filtered (0.22 μm Millpore filter) and washed with distilled water. After drying in a vacuum at 40°C, solids were washed with ethanol to dissolve residual CTAB molecules and separated from the CTAB by five 10 min cycles of centrifugation at 1,800 g. The calcium phosphate particles in the precipitate were then dried in a vacuum at room temperature. Convetional HAP particles (c-HAP) were prepared regularly as described by Nancollas and Mohan 26) . All the obtained particles were characterized by X-ray diffraction (XRD; Rigaku D/max-2550 pc, Tokyo, Japan) with Cu Ka radiation. Field emission scanning electron microscopy (FESEM; Hitachi4700, Tokyo, Japan) and transmission electron microscopy (TEM; JEM-200CX, Rigaku, operated at 160 KV) were used to examine the morphologies of the solids. Data were analyzed based on six replicated tests.
Cell culture
The odontoblast-like cell line which derived from the mouse dental papilla (MDPC-23, a generous gift from Prof. Hanks CT, School of Dentistry, University of Michigan, MI, USA) was used in this study. Cells were seeded at 3.0×10 5 cm −2 in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS; Gibco) and maintained in a humidified atmosphere with 5% CO 2 at 37°C. The medium was renewed three times a week. The MDPC-23 cells initially grew to 70-90% confluence in culture flasks and were re-suspended at 1.
after harvesting with 0.02% EDTA and 0.25% trypsin and kept cultivating for next usage.
Morphological observation by inverted microscope
MDPC-23 cells were seeded into 24-well microtiter plate (with a density 3×10 4 cells/well) and were incubated for 24 h at 37°C and 5% CO2. Then the cells were treated with HAP suspension containing different-sized particles (~20, ~70 and ~200 nm) with the same concentration of 40 ng/mL and medium only (control), then incubated for 1, 3 and 5 days. The cellular morphological changes of the treated and untreated cells were observed under a Leica DM IRB (Leica Microsystems, Wetzlar, Germany) inverted microscope.
MTT assay of cell proliferation MTT [3-(4,5-dimethyl-2-thyazolyl)-2,5-diphenyl-2H-tetrazolium-bromidecolorimetric] which can be converted by living cells into a blue/purple formazan product reflects cell proliferation in vitro since the intensity of the color is directly related to the number of viable cells. So, we used MTT assay to measure the size effect of HAP particles on cell proliferation of MDPC-23. Well-growing MDPC-23 were collected and seeded in 96-well plates (Corning Costar) at 5×10 3 per well. Cells were cultured with 40 ng/mL HAP suspension containing particles of different sizes (~20, ~70 and ~200 nm) and medium only (control). Six duplicate wells were set up in each sample. During incubated at 37°C, 5% CO 2 for 5 days, viable cell number was detected by MTT at the first, third and fifth day randomly. Cells were incubated at 37°C for 4 h after the addition of 50 μL of MTT to each well and then the MTT medium was discarded and 0.5 mL dimethylsulfoxide (DMSO) of 37°C was added. After solubilization of the blue formazan product with DMSO, we used a microplate reader (BioTek EL800, Winooski, VT, USA) to detect the absorbance at 490 nm which was expressed by optical density value (OD value). The background OD value of wells containing no cell was subtracted from the absorbance for all experimental samples. Measurements from six samples were used to determine the mean value of each group.
TEM observation of the uptake activity TEM was used to visualize cellular uptake of HAP particles. Briefly, MDPC-23 cells were seeded in six-well plates and cultured with 40 ng/mL HAPs for 24 h. After incubation, MDPC-23 cells were detached by 0.25% trypsin-EDTA, then fixed with 2.5% glutaraldehyde. After treatment with 1% osmium tetroxide, the samples were dehydrated with a series of alcohols and infiltrated with epoxy resin. The resin sample block was trimmed, thin-sectioned and collected on formvar-coated copper grids. Thin sections were stained in uranyl acetate and lead citrate for examination by TEM (JEM-200CX).
Statistical analysis
All quantitative experiments were performed three times separately. Data was presented as mean values±SD and analyzed using SPSS 19.0 software. The one-way analysis of variance (ANOVA) was used for statistical analysis. p<0.05 was considered statistically significant. 
RESULTS
Characteristics of synthesized nano-HAP and c-HAP
FESEM showed that the structure of particle surface was uniform ( Fig. 1-A) . TEM showed that the particles of nano-HAP were sphere-like with diameters of ~20 and ~70 nm and the particles with approximate diameters of 200 nm (c-HAP) were rod-like ( Fig. 1-B) . The fourier transform infrared spectroscopy (FTIR) spectra (Fig. 1-C) of three synthesized HAPs featured phosphate absorption bands. The triply degenerated asymmetric stretching and bending vibrations of PO 4 3− were at 1,030 and 570 cm −1 . The peaks of CO3 2−
(1,420 and 875 cm −1 ) implied that some carbonate ions were incorporated into np20, np70 and c-HAP. The incorporation of carbonate is a universal phenomenon during the formation of biological apatites. In these experiments, the carbonate substitution may come from CO 2 in the atmosphere, dissolved in the solutions which were used for the preparation of the nano-HAP particles. The peaks at 3,435 and 1,640 cm −1 related to the remaining water. No peaks of CTAB (2,800-3,000 cm −1 ) were detected in either sample. XRD patterns (Fig. 1-D ) of three particles with different sizes indicated that only the HAP phase without any other phases was found, and all the diffraction peaks could be assigned according to the standard HAP (JCPDS09-0432).
MTT assay and morphology of MDPC-23 under inverted microscope
As shown in Fig. 2-A , the MDPC-23 cells incubated with np20, np70 and c-HAP suspension proliferated with increasing culturing time (up to 5 days), which was indicated by the OD value of MTT assay. Furthermore, viable cell number was significantly higher in np20 compared to c-HAP after 3 and 5 days of incubation, though there was no significant difference between each two groups after 1 day of incubation. Moreover, the OD value of MDPC-23 cells in np70 became higher than that of c-HAP only after 5 days of incubation and was significantly lower than that of np20 after 3 and 5 days of incubation, but the gap between np20 and np70 shrunk with the prolongation of culture time. These are consistent with the results of inverted microscope observation, which showed that the cell coverage of np20 was higher than that of np70 and c-HAP after 5 days of culture. Though the viable cell number of the control group was the most among all groups after incubation of 3 and 5 days, there was no apparent morphological differences between each two groups ( Fig. 2-B) .
Uptake of HAP by MDPC-23
Through comprehensive investigation of TEM on the cellular uptake of HAP, we found that HAP was either located in the cytoplasmic vesicles or clustered in the cytoplasm of MDPC-23 cells, and did not enter the nucleus. As the particle diameter increases, HAP caused more vacuoles in the cytoplasm of cells (Fig. 3) .
DISCUSSION
The microstructure of nano-HAP is similar to that of natural bone and tooth 27, 28) , conferring itself the special biological characteristics, such as non-immunogenicity, non-inflammatory behavior, good biocompatibility, high osteoconductivity and osteoinductivity 23, [29] [30] [31] . It has been identified by many studies that nano-HAP of various forms has excellent compatibility with human osteoblast, and can promote its adhesion and proliferation [31] [32] [33] [34] [35] [36] [37] . What is more, 20 nm-sized nano-HAP (np20) has been reported to facilitate the growth of osteocyte more remarkably compared to nano-HAP of other size 38) . However, studies of effect of nano-HAP particles on odontoblast or odotablast-like cells are very rare.
The bioactivity of odontoblast is almost as same as that of osteoblast, which can produce hard tissues of human organ by biological mineralization. Our results suggest that np20 and np70 have obvious growth-promoting effect on MDPC-23 compared with conventional HAP. What is more, np20 was the most effective of the three different-sized HAP particles. The results agree with the finding of Shi et al. about the effect of nano-HAP on MG-63 cells 38) . Referring to other studies, we assume that nano-HAPs provide a higher surface per HAP volum for cell growth than c-HAP, which may result in increased cellular adherence and proliferation 39, 40) . Additionally, smaller HAP nanoparticles could enter into cells more easily and stimulate cell growth 41) . So, advanced study should be carried out to testify whether nano-HAP promotes cell proliferation of MDPC-23 cells via the mechanism mensioned above.
Besides particle size, the crystallinity and the morphology of HAP particles also affect cell proliferation. Our present study demonstrated that nano-HAP appeared less crystalline than the c-HAP and induced more proliferation of MDPC-23 cells, agreeing with previous studies which provided evidence that the crystallinity of calcium phosphate affects the behavior of cultured osteogenic cells 42) . Moreover, the morphology plays another important role for estimating the biological effect of calcium phosphate particles. In our study, rodlike HAP (c-HAP) and sphere-like HAP (np20 and np70) were obtained by controlling the CTAB concentration 43) , and the cell experiment showed that HAP with spherical nanocrystals showed more favorable properties than rod-like HAP for odontoblast-like cells.
Considering the importance of internalization and subcellular localization on biological results, we studied the uptake and biological distribution of HAP. It was observed in TEM that HAP of three different sizes all could enter into MDPC-23 within 24 h and existed in the form of phagocytic vacuole, and the procedure might be relative to celluar reaction. MDPC-23 co-cultivated with c-HAP had largest quantity of vacuole. Some previous studies have shown that only the HAP in the nuclei may cause cytotoxicity, while the HAP in the cytoplasm will only cause slight change of the morphology and structure of the cell membrane and generate negligible inhibition 44, 45) . However, our research results show that although np20 showed higher uptake, but np70 and c-HAP has a more significant inhibitory effect on the proliferation of MDPC-23, this means that the cell uptake is not the only factor in determining the biological results, other factors, such as shape, size and crystallinity might involve the biological interactions.
Cytotoxicity was another necessary parameter to evaluate the biological properties of HAP particles. In our experiment, MTT assay was used to reflect the number of vital cells in different groups, and the results showed that compared with the blank control group, the number of vital cells in the np20, np70 and c-HAP groups showed a downward trend at the same observation point, especially the np70 and c-HAP groups. Under an inverted microscope, np70 and c-HAP groups showed a significant decrease in cell density and a decrease in cell contact at the late stage of culture. More vacuoles were found in the cytoplasm of the np70 and c-HAP groups in the TEM test. These results suggest that larger nanoparticles and hydroxyapatite are toxic to cells. The specific mechanism of cytotoxicity is to be further investigated and validated by subsequent tests of apoptosis, which is assumed to be responsible for the toxic effect of HAP particles 46) .
CONCLUSIONS
In this preliminary study, we synthesized HAP particles of different sizes and evaluated their effect on cell proliferation of odontoblast-like cells. It was demonstrated that cell proliferation are related to the size of the HAP particles inversely, which means np20 was the most effective at promoting cell growth of MDPC-23. According to our present study, nano-HAP may be an optimal choice of apatite substitute for MDPC-23 cells. Further studies, such as mineralization of HAP nanoparticle on MDPC-23 and in vivo experiments should be carried out before clinical application.
